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Interaction curvesAbstract The paper investigates the axial capacity of reinforced columns exposed to fire. The sim-
plified method namely 500 C isotherm method explained in Eurocode 2 is used to assess the capac-
ity of the column. Finite element software ANSYS is used to perform the thermal analysis. A set of
numerical studies were carried out to quantify the effect of various parameters on short columns
subjected to fire. The study is performed on columns of different cross-sections to investigate the
effect of eight parameters, namely the thermal boundary conditions, grades of concrete, grades
of steel, types of aggregate, distribution of reinforcement on column faces, concrete cover, load
eccentricity and support conditions. The fire ratings based on various failure criteria are deter-
mined, and minimum rating is accepted as design fire rating. A simplified interaction curve to pre-
dict the failure of columns under fire subjected to axial load and uniaxial moment for square cross-
sections was also developed.
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Fire safety in buildings has evolved as one of the objectives in
concrete design after incidents such as World Trade Centre
attack on September 11, 2001 (U.S.A.) and the terrorist attack
in Taj Hotel on November 26, 2011 (INDIA). This has gener-
ated a renewed interest in fire resistant analysis and design of
structures worldwide. The popularity of numerical techniques
such as finite element analysis has facilitated to simulate thefire conditions that have reduced the number of expensive fire
tests and made fire analysis easier and well accepted [1–3].
Usually, concrete structures are designed to perform at
room temperature, and the safety is checked using code provi-
sions. However, some structures such as the chimney, nuclear
reactors, and furnaces, are always subjected to high tempera-
tures (100–500 C) and due to unpredicted fire accidents, build-
ings and bridges are exposed to a temperature of about
1000 C [4]. The high-temperature exposure of an RC column
leads to significant variation in material properties and reduc-
tion in strength of reinforcement as well as concrete. More-
over, the temperature propagation inside the structure is
non-uniform, and it results in the degradation of strength
unevenly and finally the failure of the structure [5,6]. Relatively
lesser studies were done on evaluating the fire performance of
476 A. Balaji et al.reinforced concrete (RC) columns compared to flexural mem-
bers such as slab and beam. Further, much of the current
knowledge on the fire behavior of RC columns is based on fire
tests under standard fire exposure. Also, the failure is often
based on the thermal criterion (critical temperature in reinforc-
ing bars) alone, without any consideration of strength or
deflection criteria [7]. Studies have demonstrated that parame-
ters such as load level, amount of steel reinforcement, effective
length of column, concrete strength, moisture content, area
and shape of cross section and aggregate type have significant
influence on fire resistance [4,8–11]. However parametric stud-
ies on the effect of exposed surface area of columns, distribu-
tion of reinforcement on column faces, grades of steel, support
conditions and load eccentricity are scarce in the technical lit-
erature. The strength criterion needs to be included in the
design, to study the effect of these parameters in fire resistant
design. This paper also presents the procedure for determining
the axial capacity of the column and a simplified interaction
curve to predict the failure of columns subjected to axial load
and uniaxial moment. The fire ratings based on various failure
criteria are determined, and the minimum fire rating is
accepted as the design fire rating.
2. Load carrying capacity by 500 C Isotherm Method
The axial capacity of column subjected to fire is determined
using the simplified method, 500 C isotherm method discussed
in Eurocode 2 (EC2) [12]. The method describes estimating a
general reduction of the cross-section based on the average
depth of 500 C isotherm and reduced yield strength of rein-
forcement. The first step is to determine the temperature prop-
agation inside the cross-section and predicted with the help of
thermal contours generated by transient thermal analysis using
finite element (FE) software ANSYS Release 14 [13]. The
standard fire curve ISO 834 is utilized in the present study
[14]. Material properties such as thermal conductivity and
specific heat are defined for the heat transfer analysis and are
acquired from EC2; the density of concrete is taken to have
a constant value of 2300 kg/m3. The lower limit of thermal
conductivity and specific heat of dry concrete with moisture
content 0% specified in EC2 is adopted in this work [12,15].
For thermal analysis, 3-D element SOLID70 used for mod-
eling concrete reinforcement is modeled using truss element
LINK33 [13]. A typical cross-section of the analyzed column
and thermal contour obtained as output is shown in Fig. 1.Figure 1 Details of cross-section of column and thermal
contour.The strength reduction of steel and reduced cross-section of
concrete is calculated with respect to the temperatures
obtained from thermal profiles using the reduction factor
taken from EC2 [12]. After finding the reduced strength, the
procedure to calculate the axial capacity is same as that for
normal design. The equation in Indian standard code for rein-
forced concrete design IS 456: 2000 is used for determining the
capacity of column and is given below [16].
Pu ¼ 0:4fckðAg  AscÞ þ 0:67fy;TAsc ð1Þ
where Pu is the axial load on the column, fck is the character-
istic compressive strength of concrete, AC0 is the reduced area
of concrete, Ag is the gross area of column cross-section, fy,T is
the reduced yield strength of the compression reinforcement
and Asc is the area of longitudinal reinforcement for column.
3. Factors influencing the fire rating of RC columns
A review of literature indicates that various parameters such as
thermal boundary conditions, reinforcement type, reinforce-
ment distribution on the surface of concrete, cover to rein-
forcement, type of aggregate and concrete strength have
significant effect in altering the fire rating of columns [8,17].
To study the effect of these parameters, a detailed study is per-
formed on columns of various cross-sections such as
300  300 mm, 400  400 mm and 500  500 mm with column
length of 3 m. All the parametric studies except for concrete
cover, grade of concrete and steel are prepared for concrete
of cover 50 mm, compressive strength 25 MPa, reinforcement
steel of yield strength 415 MPa and subjected to four side fire
exposures respectively. The fire rating is determined based on
two failure criteria i.e., thermal and strength criteria. The ther-
mal criterion is taken as the temperature of reinforcement bar
exceeding the critical temperature, which is 593 C and
strength criteria is when the column is unable to resist the
applied service load [18]. Table 1 shows the influence of vari-
ous parameters on axial load capacity of column for various
time intervals and the fire ratings based on these studies are
discussed in successive sections.
3.1. Effect of thermal boundary conditions
Columns are constructed either separately or along with parti-
tion walls. Individual columns are normally exposed to fire
from all sides, but columns attached to walls are subjected to
different exposure area depending on the arrangement of walls
[19]. In order to study the effect of these thermal boundary
conditions, a parametric study is done on columns and it
shows that there is much variation in fire rating due to the
change in surface area of exposure. The corner reinforcement
temperature based on various types of exposure area of a col-
umn of size 300  300 mm is shown in Fig. 2. The critical rein-
forcement temperature depends only on concrete cover and
does not have influence on column size. Hence the reinforce-
ment temperature is same for all cross-sections with same
cover for a particular exposure time. Furthermore there is
not much variation in fire rating (based on thermal criteria)
with change in size of column.
Unsymmetrical exposure to fire as in Fig. 2(a), (c) and (d)
leads to unsymmetrical changes in the column cross-section
in 500 C isotherm method. These unsymmetrical changes
Table 1 Comparison of load carrying capacity based on various parameters.
Load carrying capacity (Pu in kN) with time of exposure
0 h 1 h 2 h 3 h 4 h
Type of exposure
300  300 Single face 1573 1552 1448 1393 1332
Two opposite faces 1573 1531 1323 1206 1086
Two adjacent faces 1573 1518 1314 1181 1046
Half of cross-section 1573 1506 1316 1126 1015
Four faces 1573 1413 1022 754 456
400  400 Single face 2273 2252 2148 2093 2032
Two opposite faces 2273 2231 2023 1906 1786
Two adjacent faces 2273 2218 2014 1881 1746
Half of cross-section 2273 2206 2016 1826 1715
Four faces 2273 2113 1722 1454 1156
500  500 Single face 3173 3152 3048 2993 2932
Two opposite faces 3173 3131 2923 2806 2686
Two adjacent faces 3173 3118 2914 2781 2646
Half of cross-section 3173 3106 2916 2726 2615
Four faces 3173 3013 2622 2354 2056
Concrete cover (mm)
300  300 40 1573 1413 1022 754 456
50 1573 1414 1022 769 513
60 1573 1414 1079 809 531
70 1573 1481 1132 869 594
80 1573 1481 1193 935 675
400  400 40 2273 2088 1689 1425 1132
50 2273 2111 1722 1469 1198
60 2273 2146 1756 1509 1231
70 2273 2162 1818 1569 1294
80 2273 2172 1864 1619 1375
500  500 40 3173 3013 2622 2354 2056
50 3173 3013 2622 2369 2168
60 3173 3014 2679 2409 2131
70 3173 3081 2732 2469 2194
80 3173 3081 2793 2535 2275
Grade of concrete (MPa)
300  300 25 1573 1413 1022 754 456
30 1748 1570 1124 822 481
35 1923 1726 1226 890 506
40 2098 1882 1327 958 530
50 2448 2195 1531 1093 580
400  400 25 2273 2113 1722 1454 1156
30 2588 2410 1964 1662 1321
35 2903 2706 2206 1850 1466
40 3218 3002 2447 2078 1650
50 3900 3595 2931 2460 1950
500  500 25 3173 3013 2622 2354 2056
30 3668 3490 3044 2742 2401
35 4163 3966 3466 3130 2746
40 4658 4442 3887 3518 3090
50 5648 5345 4631 4193 3580
Grade of steel (MPa)
300  300 415 1573 1413 1022 754 456
500 1716 1542 1128 839 523
550 1801 1618 1189 889 563
600 1885 1694 1251 939 603
(continued on next page)
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Table 1 (continued)
Load carrying capacity (Pu in kN) with time of exposure
0 h 1 h 2 h 3 h 4 h
400  400 415 2273 2111 1722 1469 1198
500 2416 2242 1828 1539 1223
550 2501 2318 1889 1589 1263
600 2585 2394 1951 1639 1303
500  500 415 3173 3013 2622 2354 2056
500 3316 3142 2728 2439 2123
550 3401 3218 2789 2489 2163
600 3485 3294 2851 2539 2203
Reinforcement distribution
300  300 4 sided 1445 1297.319 929 680 397
2 sided 1405 1253.483 885 635 355
400  400 4 sided 2415 2240.3 1825 1536 1220
2 sided 2390 2204.881 1784 1488 1171
500  500 4 sided 3819 3603.185 3202 2835 2497
2 sided 3795 3536.547 3177 2773 2418
Aggregate type
300  300 Siliceous 1573 1394 985 706 386
Carbonate 1573 1397 999 729 419
400  400 Siliceous 2273 2112 1711 1440 1137
Carbonate 2273 2112 1718 1455 1160
500  500 Siliceous 3173 2997 2601 2338 2044
Carbonate 3173 2997 2607 2350 2064
478 A. Balaji et al.result in shifting the plastic centroid of the columns and, effec-
tively, result in eccentric loading for the columns. Gernay
et al., introduced a sinusoidal imperfection in his model with
a maximum amplitude of L/300 in the direction of thermal gra-
dient for columns exposed to fire from three sides for determin-
ing the possibility of collapse of columns during and after the
cooling phase of fire [20]. IS code formula used in this study
(Eq. (1)) accounts for approximately 10% reduction in axial
load capacity to account such minimum eccentricities sub-
jected to a maximum of 0.05 times lateral dimensions [16,21].
The calculated eccentricities for unsymmetrical exposure to fire
in present study are within the limit of this minimum eccentric-
ity. If the eccentricity is more than the minimum, the interac-
tion diagrams are to be used which is given in Fig. 8(a)–(c).
From Table 1, it can be witnessed that the percentage
reduction in strength increases with increase in size of column
and is more predominant in columns of larger size having a
reduction of about 80% for all the cases. The percentage
reduction in load carrying capacity of column with fire on four
sides is initially 10% but as the time of exposure increases the
percentage reduction is more prominent. Furthermore when
the exposure time reaches four hours, the reduction is almost
five times that of single face exposure. In case of two adjacent
sides exposed, there is slightly more reduction in capacity than
when two opposite sides exposed, even though surface area
exposed to fire is same. This may be attributed to the reason
that corners are the critical regions under fire, and when two
adjacent sides are exposed to fire the corner bars are severely
affected. In columns with four side exposure, percentage
reduction in strength is nearly three times more than that of
columns with half side exposed because the number of cornerreinforcement getting exposed to fire is more in these columns.
This suggests that if the columns are constructed as part of the
partition walls, such that only half of the area is exposed the
capacity can be increased.
Fire ratings based on thermal and structural criteria are
compared and are tabulated in Table 2. From the present
study it may be concluded that the reinforcement in the
cross-section should be placed away from the corners to avoid
extreme temperatures in fire and similar to previous observa-
tion, construction of columns along with masonry walls will
improve fire rating.
3.2. Effect of concrete cover
The tabulated fire ratings given in various codes are based on
concrete cover. As the cover reduces the temperature of rein-
forcement increases which in turn causes the degradation of
reinforcement strength, thereby decreasing the capacity of col-
umn. During the initial hours of fire exposure, increase in
cover does not have much effect in increasing the capacity as
the degradation of strength in reinforcement is less. But as
the time passes, the degradation of both concrete and steel
takes place and causes sufficient reduction of strength. The
effect of concrete cover on axial capacity of column is shown
in Table 1. Moreover the concrete cover has significant influ-
ence on the fire resistance of RC columns for both failure cri-
teria which is shown in Table 3. It can be seen that increasing
the cover from 40 to 60 mm increases the fire rating based on
thermal criteria by 80 min. This is owing to the decrease in
reinforcement temperature with increase in cover and hence
increase in capacity and fire rating of column.
(a) Fire exposure on single face (b) Fire exposure on two opposite faces 
(c) Fire exposure on two adjacent faces
(e) Fire exposure on four faces 
(d) Fire exposure on half of cross-section 
Figure 2 Geometry of column cross-section and reinforcement temperature obtained for corner reinforcement for various surface areas
of exposure.
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The effect of concrete strength is studied by varying the char-
acteristic compressive strength of concrete (tested on concrete
cube of size 150 mm) from 25 to 50 MPa. Studies show that
effect of spalling is not a major issue in normal strength con-
crete (NSC) [8] and is not accounted in the present work.
From Table 1, it is visualized that axial capacity of columnincreases with increase in concrete strength and with increase
in cross-section. The percentage increase in capacity is more
pronounced in columns with larger cross-section. It may be
noted that the variation in strength with time of exposure
is critical in column of size 300  300 mm. Table 4 shows
that the fire rating based on strength criteria is influenced
by grade of concrete while that based on thermal criteria
has no effect.
Table 2 Fire ratings as a function of thermal boundary condition for RC columns.
Column dimension (mm) Parameter Fire rating (min)
Thermal B/C Thermal criteria (A) Strength criteria (B) Design fire rating (Minimum of A & B)
300  300 Single face 308 300 300
Two opposite faces 258 255 255
Two adjacent faces 300 240 240
Half of cross-section 192 221 192
Four faces 192 114 114
400  400 Single face 300 300 300
Two opposite faces 300 300 300
Two adjacent faces 300 300 300
Half of cross-section 192 300 192
Four faces 194 162 162
500  500 Single face 300 300 300
Two opposite faces 300 300 300
Two adjacent faces 300 300 300
Half of cross-section 192 300 192
Four faces 198 228 198
Table 3 Fire ratings as a function of concrete cover for RC
columns.
Column
dimension
(mm)
Parameter Fire rating (min)
Concrete
cover (mm)
Thermal
criteria (A)
Strength
criteria (B)
Design fire
rating
(Minimum
of A & B)
300  300 40 195 116 116
50 234 116 116
60 275 125 125
70 300 137 137
80 >300 150 150
400  400 40 197 155 155
50 234 168 168
60 274 178 178
70 300 192 192
80 >300 222 222
500  500 40 200 228 200
50 245 247 245
60 298 249 249
70 300 253 253
80 >300 264 264
Table 4 Fire ratings as a function of grade of concrete for
RC columns.
Column
dimension
(mm)
Parameter Fire rating (min)
Grade of
concrete
(MPa)
Thermal
criteria (A)
Strength
criteria (B)
Design fire
rating
(Minimum
of A & B)
300  300 25 195 116 116
30 195 115 115
35 195 114 114
40 195 113 113
50 195 112 112
400  400 25 195 163 163
30 195 165 165
35 195 166 166
40 195 167 167
50 195 168 168
500  500 25 195 228 195
30 195 232 195
35 195 235 195
40 195 238 195
50 195 242 195
480 A. Balaji et al.3.4. Effect of grade of reinforcement steel
To study the effect of grade of steel, different types of steel
reinforcement normally used for construction having yield
strength 415, 500, 550 and 600 MPa are used in this work
[22]. The axial load capacity of column increases with increase
in grade of steel initially. But it decreases as the time of expo-
sure is more as shown in Table 1. The grade of steel has less
effect on both thermal and strength failure criteria. This can
be attributed to the decrease in strength of reinforcement irre-
spective of grade of steel. The thermal fire rating is indepen-
dent of grade of steel and is constant for all grades which
are shown in Table 5. But the fire rating based on strength cri-
teria decreases slightly with increase in grade of steel.3.5. Effect of distribution of reinforcement
The effect of distribution of reinforcement on column surface
is studied by equally distributing the reinforcements on four
sides and on two opposite sides. The reinforcement percentage
is taken as 2% for both cases. The typical reinforcement distri-
bution for columns considered is shown in Fig. 3. It can be
noticed that columns with smaller reinforcement distributed
on four sides cause slight improvement in both axial capacity
(Table 1) and fire resistance based on strength criteria (Table 6)
than that with reinforcement of larger diameter distributed on
two faces. The longitudinal reinforcements in RC columns are
often placed near to the surface with minimum concrete cover
as it increases the moment of inertia of the cross-section. From
Table 7 Fire ratings as a function of aggregate type for RC
columns.
Column
dimension
(mm)
Parameter Fire rating (min)
Aggregate
type
Thermal
criteria (A)
Strength
criteria (B)
Design fire
rating
(Minimum
of A & B)
300  300 Siliceous 170 110 110
Carbonate 187 113 113
400  400 Siliceous 180 163 163
Carbonate 210 166 166
500  500 Siliceous 174 218 174
Carbonate 187 208 187
Table 5 Fire ratings as a function of grade of reinforcement
steel for RC columns.
Column
dimension
(mm)
Parameter Fire rating (min)
Reinforcement
strength (fy)
Thermal
criteria (A)
Strength
criteria (B)
Design fire
rating
(Minimum
of A & B)
300  300 415 195 120 120
500 195 118 118
550 195 118 118
600 195 117 117
400  400 415 197 168 168
500 197 166 166
550 197 165 165
600 197 164 164
500  500 415 200 247 200
500 200 233 200
550 200 221 200
600 200 218 200
Table 6 Fire ratings as a function of distribution of rein-
forcement for RC columns.
Column
dimension
(mm)
Parameter Fire rating (min)
Reinforcement
distribution
Thermal
criteria (A)
Strength
criteria (B)
Design fire
rating
(Minimum
of A & B)
300  300 Four sides 190 115 115
Two sides 190 110 110
400  400 Four sides 197 164 164
Two sides 197 158 158
500  500 Four sides 234 231 231
Two sides 230 221 221
Figure 3 Geometry of column cross-section and reinforcement
arrangement.
Behavior of Reinforced Concrete Short Column 481the present study it is noted that this causes the reduction of
strength of reinforcements and makes the load-bearing capac-
ity of columns independent of the steel. Therefore, it is inap-
propriate from a fire resistance standpoint to place a
substantial amount of reinforcement near corners of the
cross-section. Instead of keeping the reinforcement in corners,
it should be preferably distributed on the faces.3.6. Type of aggregate
Concrete is a composite material manufactured from cement,
aggregate and water. Therefore, type of aggregate also plays
a vital role on the properties of concrete exposed to high tem-
perature. To study this effect, two types of aggregates namely
carbonate and siliceous aggregates are used. The thermal prop-
erties of these aggregates are adopted from the literature and
are given as Eq. (2) [18]. Results from Tables 1 and 7 show that
carbonate aggregate has slightly higher strength and fire resis-
tance than siliceous aggregate when exposed to fire. This is
probably because carbonate aggregate has low thermal con-
ductivity resulting in higher fire resistance.
Thermal conductivity (kc) in W/m C is
Siliceous aggregate concrete Carbonate aggregate concrete
kc¼
0:000625Tþ1:5
1:0
( )
20C6T6 800 C
800 C<T
kc¼
1:335
0:001241Tþ1:7162
( )
20 C6T6 293 C
293 C<T ð2Þ
4. Effect of support conditions and eccentric loading
Behavior of short column with different support conditions
and loaded at different eccentricities is evaluated for different
time of exposure. The effect of various support conditions such
as fixed–fixed, fixed-free and hinged-hinged is analyzed. To
study the effect of eccentricity in load, the same column with
a load of 1000 kN placed axially, at 50 mm eccentricity and
at 100 mm eccentricity is studied. The column length is taken
as 3 m. All studies are done on column of size 300  300 mm
and same FE model is used to study these effects which are
shown in Fig. 4. Increase in deflection due to both thermal
and structural load is compared for different eccentricities.
Excessive deformation of model in analysis is considered as
failure of column.
Figure 4 Cross-section details of column and finite element
model.
Figure 5 Comparison of temperatures at various points
(ANSYS result) for column with test data [23].
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The thermal analysis performed by ANSYS cannot include the
parameters such as load eccentricity and support conditions.
Moreover, the thermal failure criteria based on critical temper-
ature (593 C) on reinforcement are not sufficient to predict
the failure time of column. Therefore a thermo-structural anal-
ysis is performed using ANSYS [13] for various time of expo-
sure. It is assumed that spalling of concrete does not take place
and perfect bond exists between steel and concrete. Isotropic
linear thermal conductivity, specific heat, and nonlinear stress
strain curves at different temperature are provided as material
properties.
4.2. Validation of thermo-structural model
ANSYS14 model for RC column is validated by comparing
the results with the fire test data reported by Lie and Lin
[23]. The geometric and materiel properties of the tested col-
umn are taken from the literature and are summarized in
Table 8.
Comparison of results from FE analysis and experimental
work done by Lie and Lin (1985) is done and shown in Figs. 5Table 8 Properties for RC column used in the validation
study.
Property Column
Description Tested by Lie and Lin
[23]
Cross section 305  305 mm
Length (m) 3.81
Reinforcement 8 / 25 mm bars
Compressive strength of concrete, fck
(MPa)
34.2
Yield strength of steel, fy (MPa) 443.7
Applied load (kN) 800
Concrete cover (mm) 48
Support conditions Fixed–fixed
Aggregate type Siliceousand 6 [23]. Clearly, the FE model provides closer predictions of
results with experimental work. The deflection values obtained
from ANSYS results follow similar pattern as those of exper-
imental values. The close agreement between the experimental
results and the predictions from numerical analysis demon-
strates the validity and accuracy of the FE model.
4.3. Numerical modeling
Solid65 element is used for concrete and Link 8 element for
flexural and shear reinforcement for structural analysis.
Results from the thermal analysis (temperature on all nodes)
are the input load to structural model. Studies proved that
eccentricity of loading has significant effect even on short col-
umns [24]. The lateral deflection for axially loaded, 50 mm and
100 mm eccentrically loaded columns for 1 h to 5 h time of
exposure at an hour interval is plotted in Fig. 7. From
Fig. 7, it can be seen that eccentrically loaded column shows
more deflection than axially loaded column. The lateral deflec-
tion of the column increases with increase in load eccentricity.
The British code BS 476 Part 20 specifies the deflection cri-
teria for load bearing vertical elements as failure to have
occurred when the specimen fails to support the test loadingFigure 6 Comparison of displacement (ANSYS result) for
column with test data [23].
(a) Fixed-fixed (b) Hinged-hinged 
(c) Fixed-free
Figure 7 Effects of support condition on RC columns exposed to fire.
Table 9 Fire rating for column with different support
Behavior of Reinforced Concrete Short Column 483[25]. This shall be taken as either of the following, whichever is
exceeded first:
(a) a deflection of L/20; or
(b) where the rate of deflection (in mm/min), calculated over
1 min intervals, starting at 1 min from the commence-
ment of the heating period, exceeds the limit set by the
following equation:conditions and eccentricity.
Type of support Time of failure (h)
e= 0 e= 50 mm e= 100 mm
Fixed–fixed 4.5 4 3
Hinged-hinged 4.5 3.5 2.5
Fixed-free 4.5 2.5 <1
Table 10 Fire rating for axially loaded column based on
various failure criteria.
Column dimension
(mm)
Fire rating (min)
Thermal
criteria
Deflection
criteria
Strength
criteria
300  300 170 270 110rate of deflection ¼ L
2
9000 d
ð3Þ
where L is the clear span of specimen (in mm); and d is the dis-
tance from the top of the structural section to the bottom of
the design tension zone (in mm). However, this rate of deflec-
tion limit shall not apply before a deflection of L/30 is
exceeded.
The fire rating based on above criteria is shown in Table 9.
Column with both ends fixed and loaded with 1000 kN and
100 mm eccentricity fails in 3 h exposure and with eccentricity
50 mm; it withstands up to 4 h exposure. Axially loaded col-
umn with 1000 kN has fire resistance up to 4.5 h. The failure
time for columns subjected to a particular axial load is same
irrespective of the support condition. The results indicate that
as the column is subjected to eccentric load, its fire resistancedecreases with increase in restraints. It may be due to the rea-
son that an eccentric load induces an additional moment on
the column producing excessive lateral deflection and causes
stiffness reduction; which in turn reduces the capacity of col-
umn causing failure.
484 A. Balaji et al.As mentioned earlier the fire rating based on various failure
criteria is checked and that based on deflection failure criteria
is higher than that of thermal and strength criteria (500 C iso-
therm method) as per Table 10. The design fire rating is taken
as the minimum of the above criteria.Figure 8 (a) Pu–Mu interaction curve for square section of size 300 
faces. (b) Pu–Mu interaction curve for square section of size 400  400
(c) Pu–Mu interaction curve for square section of size 500  500 mm w5. Interaction diagrams for columns subjected to fire
Design of RC columns subjected to axial force and bending
moment requires several trials involving lengthy calculations.
However the design is greatly simplified by using interaction300 mm with reinforcement equally distributed on two opposite
mm with reinforcement equally distributed on two opposite faces.
ith reinforcement equally distributed on two opposite faces.
Behavior of Reinforced Concrete Short Column 485diagrams [26]. Design aid for IS456:2000, SP16:1980 provides
generalized interaction diagrams (Pu–Mu curve) for predicting
the capacity of columns for various eccentricities at room tem-
perature [27]. But at higher temperature as material properties
of concrete and steel change, interaction diagram will change.
Therefore in this paper an attempt is made to generate these
curves for different fire exposures. The reduced moment capac-
ity and axial capacity are calculated for various exposure times
using 500 C isotherm method explained in EC2 [12]. The
curves for some typical cross-sections (300  300 mm,
400  400 mm and 500  500 mm) are developed and are
shown in Fig. 8(a) –(c). The use of interaction curve is illus-
trated for square sections and can be developed for any
cross-section by this procedure. The cross-sectional dimension,
distribution of reinforcement and its effective cover are fixed.
The interaction diagram developed in present work may be
used to predict the axial capacity and moment capacity at var-
ious exposure times for columns subjected to fire. Any combi-
nation of axial load and moment falling within the curve is a
safe design.
6. Conclusions
To provide a proper design method for determining the axial
capacity of column subjected to fire, 500 C isotherm method
is used and the influence of various parameters on fire rating
is discussed. The following conclusions are drawn from the
present study:
 The axial capacity and fire resistance decrease directly with
thermal boundary conditions, having maximum effect on
columns with four side exposure. For the same surface area
of exposure, two adjacent sides exposed to fire have a higher
reduction in strength compared to two opposite sides
exposed. Constructing columns as part of partition walls
prevents half of cross-section getting exposed to fire that
results in increasing the axial capacity significantly and
hence fire rating can be enhanced by 30%. For a particular
time of exposure, the four-sided exposure causes a 65%
reduction in axial capacity compared to single side expo-
sure. Hence, these types of studies are much relevant as
code does not mention much about it.
 The fire provisions that are given in IS 456:2000 are based
on the minimum cover and cross-section size for different
structural members. It can be noted that the maximum rein-
forcement temperature depends only on concrete cover and
cross-section size has no significant influence, for a particu-
lar exposure condition. Concrete cover has considerable
influence in fire rating based on thermal criteria. The varia-
tion in fire rating based on thermal criteria is more pro-
nounced for smaller cover thickness and on strength
criteria for larger covers.
 The reduction in axial capacity is higher for siliceous con-
crete, and hence the concrete made of carbonate aggregate
has more fire resistance compared to that of siliceous
aggregate.
 Grade of concrete and steel has less effect in thermal criteria
of failure but has a significant effect on axial capacity and
fire rating based on strength criteria. Contradictory to nor-
mal strength design at ambient temperature, increasing the
grade of concrete and steel has an adverse effect on fire rat-ing based on strength criteria. For this reason, different lim-
iting failure criteria are to be checked for establishing fire
resistance time.
 The bars distributed on four faces of the column cross-
section provide some improvement in capacity and fire rat-
ing than those distributed on two faces for the same per-
centage of reinforcement.
 The columns with variation in structural boundary condi-
tions have much influence in axial capacity and fire rating
(deflection failure criteria) when they are subjected to eccen-
tric loading.
 The interaction diagrams (Pu–Mu curve) plotted will help to
find the capacity of the column for various fire exposure
times without tedious calculations when subjected to fire.
Similar charts can be prepared for any cross-section in the
same manner. The design charts prepared in this study
can be incorporated in IS code.
Hence, it can be concluded that further studies have to be
conducted, and proper methodology has to be developed for
analyzing RC columns subjected to fire.References
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